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SYMBOLS 
Symbol Units Description 
𝐴  mm² Area, general  
𝐴𝐴 mm² Area, bolt shank annular section  
𝐴𝑑3 mm² Area, cross sectional of thread at minor diameter 
𝐴𝑔 mm² Area, strain gauge hole 
𝐴𝑖 mm² Area, any part or section ′𝑖′ 
𝐴𝑛 mm² Area, bolt nominal  
𝐴𝑃 mm² Area, bolt head or nut bearing surface 
𝐴𝑆 mm² Area, bolt shank solid section  
𝐷 mm Diameter, major/outside, general  
𝐷𝐴 mm Diameter, average outside diameter of contact interface  
𝐷′𝐴 mm Diameter, outside diameter of basic solid  
𝐷𝐴,𝐺𝑅 mm Diameter, critical outside diameter of contact interface 
𝐷𝐾 mm Diameter, maximum outside diameter deformation cone  
𝑑 mm Diameter, bolt nominal diameter  
𝑑𝑔 mm Diameter, strain gauge hole diameter  
𝑑ℎ mm Diameter, clamped part bolt hole  
𝑑𝑠 mm Diameter, bolt shank outer diameter 
𝑑𝑤 mm Diameter, bolt head bearing surface outer diameter 
𝑑3 mm Diameter, thread, minor 
𝐸 MPa Elongation (Young’s) modulus, general  
𝐸𝑀 MPa Nut elongation modulus 
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Symbol Unit Description 
𝐸𝑃 MPa Clamped part elongation modulus 
𝐸𝑠 MPa Bolt elongation modulus 
𝐹 N Force, general  
𝐹𝐴 N Force, axial working load 
𝐹𝐾 N Force, clamp load 
𝐹𝑀 N Force, assembly preload 
𝐹𝑄 N Force, transverse working load 
𝐹𝑉 N Force, preload, general 
𝐹𝑍 N Force, embedment loss 
𝑓 μm Deformation, due to force 𝐹 
𝑓𝑖 μm Deformation, any part or section ′𝑖′ 
𝑓𝑀 μm Deformation, Sum of bolt and clamped parts in assembled state 
𝑓𝑆𝑀 μm Deformation, clamped part due to 𝐹𝑀 
𝑓𝑆𝑀 μm Deformation, bolt due to 𝐹𝑀 
𝑓𝑍 μm Deformation, plastic, loss due to embedment 
𝑖  A part or section of the bolt 
𝑙 mm Length, general 
𝑙𝐴 mm Length, bolt shank annular section 
𝑙𝐺 mm Length, substitutional extension, engaged thread deformation 
𝑙𝑔 mm Length, strain gauge hole depth 
𝑙𝐺𝑒𝑤 mm Length, bolt unengaged thread  
𝑙𝐺𝑀 mm Length, substitutional extension, sum of 𝑙𝐺 and  𝑙𝑀 
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Symbol Unit Description 
𝑙𝐻 mm Length, deformation sleeve 
𝑙𝑖 mm Length, any part or section ′𝑖′ 
𝑙𝐾 mm Length, total clamping 
𝑙𝑀 mm Length, substitutional extension, nut deformation 
𝑙𝑆𝐾 mm Length, substitutional extension, bolt head 
𝑙𝑉 mm Length, deformation cone 
𝑀𝐴 N×mm Torque, assembly preload to load to 𝐹𝑀  
𝑁  Number of cycles, general 
𝑛𝐼  Number of clamped interfaces 
𝑛𝑃  Number of clamped parts 
𝑃 MPa Surface Pressure  
𝑅 μm Roughness, general  
𝑅𝑎 μm Roughness, arithmetic mean  
𝑅𝑧(𝐼𝑆𝑂) μm Roughness, 10-point height average 
𝑅𝑧(𝐷𝐼𝑁) μm Roughness, 5-point height average  
𝑅𝑆𝑚 μm Roughness, mean width of profile elements 
𝑆𝐷  Safety factor, fatigue 
𝑆𝐹  Safety factor, yield 
𝑆𝐺  Safety factor, slipping 
𝑆𝐿  Safety factor, bolt bearing pressure 
𝑆𝑃  Safety factor, clamped part bearing pressure 
𝑠 mm Width across flats  
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Symbol Unit Description 
𝑇 °C Temperature, general  
𝑇𝑃 °C Temperature, clamped part 
𝑇𝑆 °C Temperature, bolt 
𝑦  mm/mm Ratio, diameter, outer clamped part to outer head bearing surface 
w  Joint coefficient for bolted joint type 
𝛼 mm/mm coefficient of thermal or linear thermal expansion, general 
𝛽𝐿 mm/mm Ratio, clamp length to outer head bearing surface diameter 
𝛾 mm/mm Ratio, diameter, outer to inner head bearing surface   
𝛿  mm/N Resilience, general  
𝛿𝐺  mm/N Resilience, engaged thread  
𝛿𝐺𝑒𝑤  mm/N Resilience, unengaged thread  
𝛿𝐺𝑀  mm/N Resilience, engaged thread and nut  
𝛿𝑖  mm/N Resilience, any part or section ′𝑖′  
𝛿𝑀  mm/N Resilience, nut or threaded part 
𝛿𝑃  mm/N Resilience, clamped part  
𝛿𝑃
𝐻 mm/N Resilience, clamped part, deformation sleeve  
𝛿𝑃
𝑉 mm/N Resilience, clamped part, deformation cone  
𝛿𝑆  mm/N Resilience, bolt 
𝛿𝑇  mm/N Resilience, test, general 
𝛿𝑆𝐾  mm/N Resilience, bolt head  
𝜑 °  Angle, deformation cone 
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Abbreviation Description 
BJ   Bolted Joint 
C8.8   Property Class 8.8 
C10.9   Property Class 10.9 
CR   Cold Rolled 
DIN   Deutsches Institut für Normung (German Institute of Standards) 
G8   Grade 8 
ET&N   Engaged Thread and Nut 
FEM   Finite Element Modeling 
HR   Hot Rolled 
HRC   Rockwell C Hardness 
ID   Inner Diameter 
ISO   International Standards Organization 
OD   Outer Diameter 
TBJ   Through Bolted Joint 
TTJ   Tapped Thread Joint 
UTM   Universal Testing Machine 
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ABSTRACT 
STATIC LOAD BOLTED JOINT ELASTIC  
RESILIENCE TESTING METHODOLOGY 
PAUL MELINO 
 Elastic resilience is the ratio of deformation over force an object experiences 
when under stress. Knowing the how much the bolt and clamped part deform under load 
is critical when determining fasteners for a bolted joint. VDI 2230 is the internationally 
recognized bolt sizing standard and contains the equations used to determine each of the 
bolted joint component’s resilience as well as values for embedment estimates based on 
component surface roughness. Embedment is the local plastic deformation due to uneven 
contact over the contact planes of a bolt-clamped interface (Bolt head to plate, plate to 
plate, plate to nut, and in the thread). Embedment that occurs after initial assembly causes 
losses in the preload force. This thesis devises the test methodology to experimentally 
determine bolt and clamped part resilience, compares each to VDI 2230, alternative 
methods, and FEA simulations using different contact methods. Ultimately, a testing 
practice to measure embedment is developed. 
 
1 
 
1. INTRODUCTION 
Bolts are one of the most common fastening methods used in the world. 
Understanding the variables involved within a bolted joint (BJ) is critical when sizing a 
bolt and determining assembly preload (𝐹𝑀). 𝐹𝑀 causes deformation in both the bolt 
(𝑓𝑆𝑀) and the clamped part (𝑓𝑃𝑀) based upon the resilience of the bolt (𝛿𝑆) and clamped 
part (𝛿𝑃) as shown in EQ 1.  
 
𝛿𝑃
𝑓𝑃𝑀
= 𝐹𝑀 =
𝛿𝑆
𝑓𝑆𝑀
 (1) 
This thesis aims to develop a set of physical experiments to determine the 
resilience of a bolt and its components that would result in a methodology using only the 
force applied by the Universal Testing Machine (UTM) and the deformation of the 
system. Prior research done on bolted joint resilience used differing methods of 
determining the deformation of a bolt or clamped parts and the few universal testing 
machine fixtures that are designed for bolt testing (Figure 1 a) instruct the use of bolt 
Figure 1: (a) Instron W-5155 Bolt Testing Fixture [1], (b) EPSILON TECH CORP 
Bolt Extensometer [2] 
(a) (b) 
2 
 
extensometers (Figure  1 b) that measure deformation from the top center of the bolt head 
to the center of the threaded end of the bolt. Resilience results from the extensometers 
would not be account for the deformation in the engaged thread and nut (ET&N), or the 
difference in deformation between the center of the bolt and the bearing surface of the 
bolt head.  
Because of this difference in bolt resilience measurements, the final part of this 
thesis looks to see how the developed resilience methodology affects embedment results. 
Not accounting for embedment can lead to failure of the BJ. This requires a fabrication of 
a strain gauge bolt that not only have the both the force to strain ratio and the resilience of 
the bolt known. 
The symbols and abbreviations used in this paper are those of VDI 2230 [3]. 
 
 
  
3 
 
LITERATURE REVIEW 
2.1 VDI 2230 Part 1 and Part 2 
Much of the world relies on VDI 2230 formulas to calculate BJ characteristics 
and has become the standard for bolt sizing. Of interest are the sections regarding the 
elastic resilience of BJ components (Part 1 S 5.1), the losses of preload changes (Part 1 S 
5.4.2), and Finite Element Modeling (FEM) measure methods (Part 2 S 7.3.1.4).   
To determine resilience of the bolt, VDI 2230 substitutes individual elements (𝑖) 
of the bolt into equivalent lengths (𝑙𝑖) (Figure 2) and cross-section (𝐴𝑖). Along with the 
bolt’s elongation modulus (𝐸𝑠), the resilience of any element (𝛿𝑖) is found using EQ 2 
and EQ 3, and the deformation of this element (𝑓𝑖) by a force (𝐹) is determined by EQ 4. 
𝛿𝑖 =
1
𝐸𝑠
∫
1
𝐴𝑖
𝑙𝑖
0
 (2) 
For elements with uniform 𝐴𝑖  
 𝛿𝑖 =
𝑙𝑖
𝐸𝑖𝐴𝑖
 (3) 
 𝑓𝑖 = 𝛿𝑖𝐹 (4) 
Figure 2: Division of Bolt into Equivalent Cylinders and Deformation Regions [3] 
4 
 
The sum of the resilience individual elements is equal to the resilience of the bolt 
(EQ 5). 
𝛿𝑆 = ∑𝛿𝑖 = 𝛿𝑆𝐾 + 𝛿1 + 𝛿2 + 𝛿𝐺𝑒𝑤 + 𝛿𝐺𝑀  (5) 
 
VDI 2230 uses research from Lori [4] to determine bolt head equivalent length 
(𝑙𝑆𝐾) for hexagon head bolts (EQ 6) using bolt hole diameter (𝑑ℎ), 
 𝑙𝑆𝐾 =
1
2
𝑑ℎ  (6) 
and Wächter, [5] for socket head bolts (EQ 7) using the bolt nominal diameter (𝑑),  
 𝑙𝑆𝐾 =
2
5
𝑑  (7) 
The nominal shank area (𝐴𝑛) is used with 𝑙𝑆𝐾 to calculate the resilience of the bolt head 
(𝛿𝑆𝐾), as shown in EQ 8: 
 𝛿𝑆𝐾 =
𝑙𝑆𝐾
𝐸𝑠𝐴𝑛
 (8) 
VDI 2230 uses the minor diameter of the threads (𝑑3) to calculate the equivalent 
area (𝐴𝑑3) of the bolt section with unengaged threads. No modification is done to 
unengaged thread length (𝑙𝐺𝑒𝑤) to calculate the resilience of the unengaged threads (𝛿𝐺𝑒𝑤) 
as shown in EQ 9: 
 𝛿𝐺𝑒𝑤 =
𝑙𝐺𝑒𝑤
𝐸𝑠𝐴𝑑3
 (9) 
VDI 2230 places the thread resilience (𝛿𝐺) and the nut or threaded part resilience 
(𝛿𝑀) in the summation of 𝛿𝑆. 𝛿𝐺 is calculated using 𝐴𝑑3 as the equivalent area and 
Schneider’s [6] unpublished research is used to determine the thread’s equivalent length 
(𝑙𝐺) as shown in EQ 10 and EQ11: 
5 
 
 𝑙𝐺 =
1
2
𝑑 (10) 
 𝛿𝐺 =
𝑙𝐺
𝐸𝑠𝐴𝑑3
 (11) 
 
The material of the nut or threaded part may have different elongation modulus 
(𝐸𝑀) than that of 𝐸𝑆. 𝐴𝑛 is used as the equivalent length for calculating 𝛿𝑀 (EQ 12). 
 𝛿𝑀 =
𝑙𝑀
𝐸𝑀𝐴𝑁
 (12) 
VDI 2230 uses Wächter’s [5] research for the equivalent length (𝑙𝑀) for the nut in 
a through bolted joint (TBJ) as shown in EQ 13, and for the threaded part in a tapped thread 
joints (TTJ) as shown in EQ 14.  
 𝑙𝑀 =
2
5
𝑑 (13) 
 𝑙𝑀 =
1
3
𝑑 (14) 
 
VDI 2230 simplifies the parabolic stress frustum into a cone with a fixed angle 
(𝜑) as show in Figure 3. 𝜑 is not dependent on material properties but is dependent on 
the length ratio (𝛽𝐿) of clamp length (𝑙𝐾) over nut or bolt bearing surface diameter (𝑑𝑤) 
as shown in EQ 15; and the diameter ratio (𝑦) of the bearing solid outside diameter (𝐷′𝐴) 
and 𝑑𝑤, as shown in EQ 16,  
𝛽𝐿 =
𝑙𝐾
𝑑𝑤
 (15)  
𝑦 =
𝐷′𝐴
𝑑𝑤
 (16) 
 
6 
 
  
 
 
 
VDI 2230 uses research from performed by Lori [7][8] and Lange [9] for 𝜑 
equations for TBJ (EQ 17) and TTJ (EQ 18). 
TBJ: tan(𝜑) = 0.362 + 0.032 ln (
𝛽𝐿
2
) + 0.153 ln(𝑦) (17)  
 TTJ: tan(𝜑) = 0.348 + 0.013 ln(𝛽𝐿) + 0.193 ln(𝑦) (18) 
 VDI 2230 states that a BJ has a critical diameter (𝐷𝐴,𝐺𝑅), as calculated in EQ 19, 
where the outside diameter of the deformation cone (𝐷𝐾) would be greater than the 
outside diameter of the contact interface diameter (𝐷𝐴).  
𝐷𝐴,𝐺𝑅 = 𝑑𝑤 + 𝑤𝑙𝐾 tan(𝜑) (19)  
 Where: 
  w = 1 if TBJ 
  w = 2 if TTJ 
Figure 3:(a) Clamped Solid Calculation Model of a BJ, (b): TBJ Deformation, (c):  TTJ Deformation [3] 
(a) 
(b) 
(c) 
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Beyond that cone length (𝑙𝑉), the deformation forms a sleeve of length 𝑙𝐻 across 
the entirety of the clamped part (Figure 3). VDI 2230 states that TTJ have a 𝐷𝐴 up to 
about 1.4𝑑𝑤 (Figure 3). 
VDI 2230 uses research done by Lori [4] and Birger [10] to determine the 
resilience of the clamped part (𝛿𝑃). For cases where no deformation sleeve is present (𝐷𝐴 
> 𝐷𝐴,𝐺𝑅) 𝛿𝑃 can be calculated by EQ 20. 
𝛿𝑃 =
2 ln[
(𝑑𝑤+𝑑ℎ)(𝑑𝑤−𝑑ℎ+𝑤 𝑙𝐾 tan(𝜑))
(𝑑𝑤−𝑑ℎ)(𝑑𝑤+𝑑ℎ+𝑤 𝑙𝐾 tan(𝜑))
]
𝑤 𝐸 𝜋 𝑑ℎ tan(𝜑)
  (20) 
For cases where a deformation sleeve is present (𝑑𝑤>𝐷𝐴 > 𝐷𝐴,𝐺𝑅) 𝛿𝑃 can be 
calculated by EQ 21.  
𝛿𝑃 =
(
2
𝑤  𝑑ℎ tan(𝜑)
) ln[
(𝑑𝑤+𝑑ℎ)(𝐷𝐴−𝑑ℎ)
(𝑑𝑤−𝑑ℎ)(𝐷𝐴+𝑑ℎ)
]+(
4
𝐷𝐴
2 −𝑑ℎ
2)[𝑙𝐾−(
𝐷𝐴−𝑑𝑤
𝑤 tan(𝜑)
)]
 𝐸 𝜋 
  (21) 
Change of preload due to thermal expansion (∆𝐹𝑉𝑡ℎ) are covered in VDI 2230 Part 
1, S 5.4.2. It is necessary to separate all the variable when determining the change in 
preload at one temperature (𝐹𝑉
𝑇1) to another temperature (𝐹𝑉
𝑇2) since the material 
properties of the clamp part and bolt change as temperature changes (EQ 22,23). 
𝐹𝑉
𝑇2 =
𝐹𝑉
𝑇1(𝛿𝑆
𝑇1+𝛿𝑃
𝑇1)−𝑙𝐾(𝛼𝑆
𝑇2  ∆𝑇𝑆−𝛼𝑃
𝑇2  ∆𝑇𝑃)
𝛿𝑆
𝑇1
𝐸
𝑆
𝑇1
𝐸
𝑆
𝑇2
+𝛿𝑃
𝑇1
𝐸
𝑃
𝑇1
𝐸𝑃
𝑇2
 (22) 
With          ∆𝐹𝑉𝑡ℎ = 𝐹𝑉
𝑇2 − 𝐹𝑉
𝑇1 (23) 
Losses of preload due to embedment (𝐹𝑍) are covered in VDI 2230 Part 1, S5.4.2.1. 
According to it embedment is only dependent on 𝛿𝑃, 𝛿𝑆 and the surface roughness 
𝑅𝑧(𝐷𝐼𝑁) of the contact interfaces (EQ 24, 25).  
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𝐹𝑍
𝐹𝑀
=
𝑓𝑍
𝑓𝑀
=
𝑓𝑍
𝑓𝑆𝑀+𝑓𝑃𝑀
=
𝑓𝑍
(𝛿𝑃+𝛿𝑆)𝐹𝑀
 (24)  
𝐹𝑍 =
𝑓𝑍
(𝛿𝑃+𝛿𝑆)
 (25) 
Average 
Roughness 
Height Rz 
According to 
ISO 4287 
Loading 
Guide Values for Amounts of 
Embedding in μm 
In the 
Thread 
Per Head 
or Nut 
Bearing 
Area 
Per Inner 
Surface 
< 10 μm 
Tension / 
Compression 
3 2.5 1.5 
Shear 3 3 2 
10 μm Up to 
< 40 μm 
Tension / 
Compression 
3 3 2 
Shear 3 4.5 2.5 
40 μm Up to 
< 160 μm 
Tension / 
Compression 
3 4 3 
Shear 3 6.5 3.5 
 
 VDI 2230 uses Ba-Saleem’s [11] research for embedment guide values (Table 1). 
These values are only valid if the bolt, nut, and compact clamped parts are made of steel, 
without coating. It cites Wiegand’s [12] aluminum embedment research but only states 
that greater embedment occurs vs steel. 
 VDI 2230 Part 2 [13] contains details about Multiple Bolted Joints and Finite 
Element Modeling (FEM). It categorizes BJ FEM into 4 model classes (I-IV) of 
increasing complexity. Model class I only considers the clamped component. Model class 
II models the bolt as a line element under tension; contact interfaces between clamped 
parts can be considered. Model class III represents the bolt as a simplified equivalent 
volume body without thread; contact interfaces of the bolt head, clamped parts, and nut 
can be considered, but not the threads. Model class IV models the bolt and clamped part 
in detail including the threads. The model classes are summarized in Table 2. 
Table 1: Guide Values for Embedment with Uncoated Steel Bolts, Nuts, and Clamped Parts [3] 
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Model Class I II and III IV 
Modelling the BJ 
Effort Low Medium High 
Idealization of the Bolt 
Not 
Modelled 
Simplified 
Modelled  
in Detail 
Contact Conditions  
in the Interface 
Not 
Modelled 
Modelled Modelled 
Preload Without With With 
Required Parameters from VDI 2230 Part 1 (Relevant Section Number Is 
Indicated) 
Compliance  
of the Bolt δS 
5.1.1 
5.1.1/Included  
in the Model 
Included in  
the Model 
Compliance of  
the Plates δP 
5.1.2 
Included in 
the Model 
Included in  
the Model 
Load Application  
Factor n 
5.2.2 
Included in  
the Model 
Included in  
the Model 
Tightening  
Factor αA 
5.4.3 5.4.3 5.4.3 
Amount of  
Embedment fZ 
5.4.2.1 5.4.2.1 5.4.2.1 
 
VDI 2230 Part 2 Section 7.3.1.4 states that deformation measurements should be 
the “mean deformation (averaged via the areas)”. 
2.2 Ba-Saleem 
The primary information source regarding BJ embedment has come from 
Mohamed Ba-Saleem’s [11] 1992 dissertation “Theoretische und experimentelle 
Untersuchungen der Setzverluste an Schraubenverbindungen” (Translated to English as 
“Theoretical and Experimental Investigations of the Setting Losses of Screw 
Connections”). Ba-Saleem experimented with nominal bolt size (𝑑), assembly force (𝐹𝑀), 
clamp length (𝑙𝐾), surface roughness (𝑅𝑧(𝐷𝐼𝑁)), and number of contact interfaces (𝑛𝐼). 
They performed tests under static axial, dynamic axial, and dynamic transverse loads.  
Table 2: BJ FEM Model Classes [13] 
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Ba-Saleem fabricated strain gauge bolts by machining down the shank of ISO 
4014 M10 and M8 bolts and attaching two strain gauges. One gauge was affixed axially 
and one radially. Calibration was done on the bolts under tensioning in a universal testing 
machine (UTM). An inductive displacement transducer measured the bolt deformation 
from the top center of the bolt head to the bottom center of the threaded end of the bolt. 
This deformation was divided by the tension force to obtain bolt resilience. Bolt 
resilience was much greater than expected values using VDI 2230 calculations. The 
stated cause was the loss of material in the bolt head for the gauge wire holes.  
 Ba-Saleem used C45 (AISI 1045) steel for the clamped parts. They did not 
specify if it was hot-rolled or cold-rolled. Ba-Saleem stated that experimental resilience 
was omitted because the experimental results were with “sufficient accuracy” to the VDI 
2230 calculations. They did not state how many clamped parts (𝑛𝑃) were used in the 
experimental resilience tests. Ba-Saleem used a stylus-type linear profilometer to 
measure surface roughness. The clamped parts for their axial tests were rounds with a 
bolt hole through the center. Their transverse test parts were rectangular with two bolt 
holes. 
 Ba-Saleem ran the static tests for 3 days and the dynamic tests for 106 cycles and 
determined the following:  
1. Embedment deformation (𝑓𝑧) is dependent on surface roughness and number of 
contact interfaces, but not clamp length ratio or assembly preload 
2. Dynamic axial embedment amounts do not vary from the static test amounts 
3. Embedment under transverse dynamic load is greater than axial loads. 
11 
 
4. Largest percentage of embedment occurs during the first day and embedment 
after 3 days is negligent. 
Ba-Saleem made recommendations (Table 3) for embedment amounts from their 
experiments. 
 
 
2.3 Nijgh 
Martin Paul Nijgh [14] performed research into preload loss due to embedment vs 
different coating on the contact interfaces. They used strain gauges adhered in a hole 
through a shank of a bolt to measure strain loss. Their test fixture was identical to that 
prescribed in the EN 1090-2 creep test. They measured relative loss over 7 days 
comparing bearing surfaces of Alkali Zinc Silicate paint, spray metalized pure zinc, and 
bare shot blasted metal. Bolts were reused as Stranghoner [15] concluded that the 
relaxation change was “negligible”. Nijgh determined that uncoated interfaces have 
“significantly lower preload losses directly after tightening” over coated one, coating 
thickness is a “good predictor of bolt relaxation” (Figure 4), and relaxation due to surface 
roughness is “masked by the influence of the coating.  
Number of Joints, 
Number of Threads 
Included 
Expected Embedment 𝑓𝑍 [μm] 
Axially Loaded Transversely Loaded 
𝑅𝑧 ≈ 1.6 
[μm] 
𝑅𝑧 ≈ 40 
[μm] 
𝑅𝑧 ≈ 140 
[μm] 
𝑅𝑧 ≈ 1.6 
[μm] 
𝑅𝑧 ≈ 40 
[μm] 
𝑅𝑧 ≈ 140 
[μm] 
3 7 10 13 10 13 17 
4 9 12 16 12 16 21 
5 10 15 19 14 19 25 
6 12 17 21 16 22 28 
Table 3: Ba-Saleem’s Guide for Axially and Transversely Loaded BJ [11] 
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Nijgh used the VDI 2230 formulas to determine joint stiffness to get joint 
embedment deformation. 
 
 
 
 
 
 
 
 
 
 
 
2.4 Naruse and Shibutani 
Naruse and Shibutani [16][17] performed FEM analysis on BJ to obtain higher 
accurate estimations of clamped part resilience and developed EQ 26 for tan(𝜑) in TBJ 
with clamped parts of different thicknesses.  
tan(𝜑) = 0.323 + 0.032 ln (
𝛽𝐿
2
) + 0.153 ln(𝑦) + 0.0717 ln (
𝑡1
𝑡2
) (26)  
 Where: 
  𝑡1, 𝑡2 are the clamped part thickness 
  𝑡1 ≤ 𝑡2 
Their formula yielded resilience that was within -1.5% to 6.8% of the FEM 
simulation compared to a potential -11% error from VDI 2230. However, the deformation 
Figure 4: Relative Preload Loss After 30 Minutes vs Coating Thickness [14] 
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was measured from the average deformation between the inner and outer diameter of the 
bearing surface without weighting it by the area (
∅𝐷𝑖+∅𝑑𝑤
2
 in Figure 5). 
 
  
 
2.5 Nasser 
Nasser [18] performed FEM and physical experiments to obtain an improved 
stiffness model for clamped part in TBJ. They developed EQ 27 (no deformation sleeve) 
and EQ 28 for calculated clamped part resilience with dissimilar elongation moduli 
(𝐸1, 𝐸2) and part thicknesses (𝑡1, 𝑡2). 
𝛿𝑃 =
(𝐸1+𝐸2)
𝑑
ln[(
𝑑𝑤/𝑑ℎ+3
2𝐷𝐴+3𝑑
)(
𝐷𝐴+𝑑
𝑑𝑤/𝑑ℎ−1
)]+
4𝐸1(2𝑡2 tan(𝜑)−𝐷𝐴+𝑑𝑤)+4𝐸2(2𝑡1 tan(𝜑)−𝐷𝐴+𝑑𝑤)
(𝐷𝐴+3𝑑 )(𝐷𝐴−𝑑)
𝐸1𝐸2𝜋 tan(𝜑)
 (27)  
 𝛿𝑃 =
(𝐸1+𝐸2) ln(
𝑑𝑤/𝑑ℎ+3
𝑑𝑤/𝑑ℎ−1
)+𝐸1 ln(
𝑑𝑤+2𝑡2 tan(𝜑)−𝑑
𝑑𝑤+2𝑡2 tan(𝜑)+3𝑑
)+𝐸2 ln(
𝑑𝑤+2𝑡1 tan(𝜑)−𝑑
𝑑𝑤+2𝑡1 tan(𝜑)+3𝑑
)
𝐸1𝐸2𝑑𝜋 tan(𝜑)
  (28) 
Figure 5: Displacement of Bearing Surfaces under Axial Load [16] 
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Nasser’s physical experiment used a universal testing machine (UTM) to press a 
bolt head into round samples (Figure 6). The total deflection from the UTM minus the 
calculated deflection of the bolt head would yield the deflection of the joint. The joint 
resilience was obtained by dividing the join deflection by the applied force. 
 
Nasser’s analytical method resulted in CP resilience that were 0.3% to 14% and 
their physical experiment yielded CP resilience that were .03 to 9.9% of the FEA model.  
  
Figure 6: Nasser’s Physical Experiment Setup [18] 
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2.5 Fastener Standards 
 
ISO 4014 [19] is the standard for hex bolt specifications. It defines the dimensions 
and tolerances of course thread hexagon head bolts. There exist a few nations where DIN 
931 [20], a standard that was superseded in 1992 [21] and completely withdrawn in 2001 
[22], is still used. Both bolt standards have a similar nut standard, ISO 4032 [23] and DIN 
934 [24]. The difference between ISO and DIN standards is the distance across the flats 
(item ‘s’ in Figure 7), of M10, M12, M14, and M22 bolts. Because of the larger distance 
across the flats, the DIN fasteners have a larger bearing surface area (Figure 8).  
 
  
Figure 7: Hex head Bolt Dimensions [19] 
Figure 8: Comparison Between ISO 4014 and DIN 
931 Bearing Surface Area to Bolt Nominal Size 
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2.6 Roughness Standards 
The measurement of surface roughness, the quantitative representation of the 
texture of a surface, is covered in ISO 4287 [25]. A height profile of a surface is 
measured by a profilometer, usually with a stylus, lasers, or sonic waves (Figure 9). For 
textures with periodic profiles, such as a machine surface, the mean groove spacing 
(𝑅𝑆𝑚) value is used, but this yields no information about the elevation of the surface. For 
Aperiodic textures Arithmetical mean roughness (𝑅𝑎) or mean roughness depth (𝑅𝑧) 
values are typically used [26].   
𝑅𝑎 and 𝑅𝑧 are calculated using EQ 30 through EQ 32 using measurements 
methods in Figure 10 [27]. 
Figure 9: Profile Measurement [25] 
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𝑅𝑎 =
1
𝑛
∑ |𝑦𝑖|
𝑛
𝑖=1  (29) 
𝑅𝑧(𝐼𝑆𝑂) =
1
𝑛
(∑ 𝑝𝑖
𝑛
𝑖=1 − ∑ 𝑣𝑖
𝑛
𝑖=1 ) (30)  
𝑅𝑧(𝐷𝐼𝑁) =
1
2𝑛
(∑ 𝑝𝑖
𝑛
𝑖=1 + ∑ 𝑣𝑖
𝑛
𝑖=1 ) (31) 
  
Figure 10: (a) 𝑅𝑎 Roughness Measurement, (b) 𝑅𝑧 Roughness Measurement [27]  
(a) (b) 
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3 TESTING METHODOLOGY 
All UTM resilience experiments ran 6 cycles to 35 kN at 1 kN/s with a 5 second 
pause at peak force and between cycles. Data from the first cycle of each experiment was 
discarded due to embedment in the jaws. Data from forces below 2.5 kN was truncated as 
any contact interfaces that were not perfectly parallel caused a region where the 
interfaces were not fully in contact with each other. Data from forces above 25 kN was 
truncated as the UTM jaws experienced a slight amount of slip when approaching peak 
force. Increasing grip pressure reduced the slip amount but was not fully eliminated. The 
MTS 370 Landmark recommends a MPa grip pressure of .157 times the kN load for 
monotonic tests and .181 times the kN load for fatigue test. A 7 MPa grip pressure was 
chosen (Figure 11) as it was the highest pressure that did not cause significant amounts of 
deformation in the samples to impact future test performed on that sample.  
 
Figure 11: MTS 370 Landmark Grip Pressure Controls 
19 
 
The test resilience was taken by dividing the machine displacement by the 
machine force.  For tests with strain gauges, a LabVIEW program was written to read 
strain data from a National Instruments NI 9237 which is convert to a ±10 V signal with a 
NI 9253 and read by the UTM. This program could also read voltage signals from the 
UTM corresponding to the force and displacement through a National Instruments NI 
9205. The block diagram is shown in APPENDIX 4. The force per unit strain is 
compared to the expected value (EQ 32) for the load applied to the adhered cross-
sectional area.  
𝜖(𝐹) =
𝐹
𝐸𝐴
 (32) 
 
 Surface roughness tests were performed on a KEYENCE VK-9700 violet laser 
scanning microscope. Surface hardness tests were performed on an INSTRON Wilson© 
Rockwell© Series B2000 hardness tester.  
 All finite element modeling (FEM) simulations were performed in ANSYS 
workbench version 18.2. All simulation meshes were generated with the “Adaptive” size 
function and had elements sized to approach the license-imposed node limit of 32000, 
with the minimum acceptable node count of 25000. Most BJ components have simple 
geometries and could be performed in quarter or eighth symmetry, however no thread 
resilience simulations could not be performed due to the complexity of the single start 
thread. The simulations used “nonlinear mechanical” for the physics and quadratic order 
elements. 
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3.1 Universal Testing Machine Grip Resilience Methodology 
 The physical determination of BJ component resilience was done on an MTS 370 
Landmark universal testing machine (UTM) (Figure 12 a). The Landmark has different 
jaw sizes (Figure 12 b) and it is necessary to determine the resilience of the large and 
small jaws to determine bolt head resilience (Section 3.1.2).  
3.1.1 Grip Length Effects on Resilience 
The first set of experiments determined how grip length affected jaw resilience 
(Figure 13). The small jaws gripped a 118 mm long M10 bolt shank with a grip length 
(𝑙𝐽) incremented by 5 mm and ranged from 15 to 45 mm.  jaw face to face distance is the 
effective clamp length (𝑙𝐾) and incremented by 10 mm from 88 to 28 mm. The large jaws 
pulled a 130 mm long 7/8” grade 8 bolt shank with 𝑙𝐽 incremented by 5 mm and ranged 
from 15 to 45 mm.  The large jaw 𝑙𝐾 incremented by 10 mm from 100 to 40 mm. 
Figure 12: (a) MTS 370 Landmark UTM, (b) MTS Landmark Jaw Sizes 
(a) (b) 
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A strain gauge was adhered to the center of each sample and the resulting 
elongation modulus from EQ 32 along with each shank’s cross section area (𝐴𝑆) and 𝑙𝐾 is 
used in EQ 2 to get the resilience of the ungripped M10 (𝛿𝑀10) and 7/8” (𝛿7/8") bolt 
shank. This was subtracted from each test resilience (𝛿𝑇1) to get the sum resilience of the 
small and large jaws (𝛿𝐽𝑆
Σ  𝑎𝑛𝑑 𝛿𝐽𝐿
Σ ) (EQ 33 and 34).  
𝛿𝑇1
𝑖 = 𝛿𝑀10
𝑖 + 𝛿𝐽𝑆
Σ =
𝑙𝐾
𝑖
𝐸𝑠𝐴𝑠
+ 𝛿𝐽𝑆
Σ  (33) 
𝛿𝑇2
𝑖 = 𝛿7/8"
𝑖 + 𝛿𝐽𝐿
Σ =
𝑙𝐾
𝑖
𝐸𝑠𝐴𝑠
+ 𝛿𝐽𝐿
Σ  (34)  
Figure 13: (a) Small Jaw Test, (b) Small Jaw Test Diagram, (c) Large Jaw Test, (b) Large Jaw Test Diagram 
(a) 
(b) 
(c) 
(d) 
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3.1.2 Isolating Grip Resilience  
Two more tests were required to isolate the resilience of the top and bottom jaws 
of the UTM. It required a Grade 8 7/8 bolt shank (22.0 mm diameter) with one end 
tapered down to 9.78 mm (Figure 14). The first test pulled the sample with the tapered 
end in the top jaw (Figure 15 a and b) and the second test had the tapered end in the 
bottom jaw (Figure 15 c and d). These yielded a test resilience of 𝛿𝑇3
∆  and 𝛿𝑇3
∇ . 
Figure 14: Jaw Resilience Test Samples  
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All jaws gripped the same 𝑙𝐽 of 45 mm, the same elongation modulus as the 7/8” 
shank from test 2 and EQ 2 is used to find the resilience of the tapered specimen (𝛿∆).  
Along with the 45 mm 𝑙𝐽 tests from Section 3.1.1, these tests form EQ 35 to 38 that are 
used to solve for the resilience of the top and bottom jaw (𝛿𝑇𝑜, 𝛿𝐵𝑜)  of both the small 
and large jaws (𝛿𝐽𝑆, 𝛿𝐽𝐿).  
 
𝛿𝑇1 = 𝛿𝑀10 + 𝛿𝐽𝑆
𝑇𝑜 + 𝛿𝐽𝑆
𝐵𝑜 (35) 
𝛿𝑇2 = 𝛿7/8" + 𝛿𝐽𝐿
𝑇𝑜 + 𝛿𝐽𝐿
𝐵𝑜 (36) 
𝛿𝑇3
∆ = 𝛿∆ + 𝛿𝐽𝑆
𝑇𝑜 + 𝛿𝐽𝐿
𝐵𝑜 (37) 
𝛿𝑇3
∇ = 𝛿∆ + 𝛿𝐽𝐿
𝑇𝑜 + 𝛿𝐽𝑆
𝐵𝑜 (38) 
EQ 39 is these four equations in rearranged in matrix form. 
[
 
 
 
 
𝛿𝑇1 − 𝛿𝑀10
𝛿𝑇2 − 𝛿7/8
𝛿𝑇2
∆ − 𝛿∆
𝛿𝑇2
∇ − 𝛿∆ ]
 
 
 
 
=
[
 
 
 
 
𝛿𝐽𝑆
𝑇𝑜
𝛿𝐽𝑆
𝐵𝑜
𝛿𝐽𝐿
𝑇𝑜
𝛿𝐽𝐿
𝐵𝑜
]
 
 
 
 
[
1 1 0 0
0 0 1 1
1 0 0 1
0 1 1 0
] (39) 
(a) (b) 
(c) (d) 
Figure 15: (a) Taper Up Test, (b) Taper Up Test Diagram, (c) Taper Down Test, (b) Taper Down Test Diagram 
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The matrix is singular, so MATLAB’s ‘pinv’ function is used to estimate a 
solution. As it is not an exact solution the error of resulting values was calculated using 
EQ 40. 
𝑒𝑟𝑟 =
(
 
 
[
 
 
 
 
𝛿𝑇1 − 𝛿𝑀10
𝛿𝑇2 − 𝛿7/8
𝛿𝑇2
∆ − 𝛿∆
𝛿𝑇2
∇ − 𝛿∆ ]
 
 
 
 
−
[
 
 
 
 
𝛿𝐽𝑠
𝑇𝑜
𝛿𝐽𝑆
𝐵𝑜
𝛿𝐽𝐿
𝑇𝑜
𝛿𝐽𝐿
𝐵𝑜
]
 
 
 
 
[
1 1 0 0
0 0 1 1
1 0 0 1
0 1 1 0
]
)
 
 
⊘
[
 
 
 
 
𝛿𝐽𝑠
𝑇𝑜
𝛿𝐽𝑆
𝐵𝑜
𝛿𝐽𝐿
𝑇𝑜
𝛿𝐽𝐿
𝐵𝑜
]
 
 
 
 
  (40) 
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3.2 Clamped Part Resilience 
3.2.1 FEM Analysis 
 FEM is used to compare the resilience of clamped parts with a force applied to a 
bolt shank to a part with a uniform force across the same bearing surface. ISO 4014 and 
DIN 931 M10 head dimensions were simulated with a clamp part diameter ratio (𝑦) of 
three. Clamp length incremented by 10 mm from 20mm to 100 mm. 
For the simulations with the fully modeled bolt head (Figure 16 c) the force was 
applied to the bottom of the bolt shank, and the simulations with uniform force had the 
force applied to the contact area (Figure 16 a and b). 1/8 symmetry was used to decrease 
node count. A contact friction coefficient of 0.1 was used for the simulations with the 
fully modeled bolt head as that is the acceptable value for bolts with lubricant [28].  
 
 
 Resilience of the clamped part is measured from the average deformation of the 
contact interface as per VDI 2230 Part 2. ANSYS R18.2 does not output a surface’s 
average deformation so an ADPL script was written (APPENDIX 1) to calculate the 
deformation multiplied by the area of each node on the contact interface. The sum of 
those values was divided by the area to get average deformation from the bearing surface 
Figure 16: ANSYS Clamped Part Model of (a) Bolt-Applied Load, (b) Uniform Load, (c) Mesh of Model 
(a) (b) (c) 
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to the midplane of the clamped part where the Z axis symmetry is applied. This 
deformation divided by the 4 times the applied force (Quarter symmetry) yields half of 
the clamped part resilience. 
3.2.2 Physical Experiment 
 The physical experiment to determine the clamped part resilience requires two 
UTM tests and analogs for the bolt, nut, and clamped part, and a tube of the same 
diameters as the bolt and nut analogs. The analogs for the bolt and nut are machined to 
the same outer diameter as the bolt and nut bearing surfaces (Figure 17). To ensure that 
an equal force is being applied across the bearing surface the inner diameters are 
machined to match the hole diameter in the clamped part.  
All components were machined from cold rolled (CR) AISI 1045 steel. Bolt and 
Nut analogs were machine with an outer diameter (OD) equal to the DIN 931 M10 
bearing surface outer diameter (𝑑𝑤) of 15.6 mm and an inner diameter (ID) the same as 
the clamped part bore diameter (𝑑ℎ) of 11 mm (Material Certification in APPENDIX 2).  
The uniform load tube was machined with a clamp length (𝑙𝐾) of 42 mm, an OD of 15.6 
mm, and an ID of 11 mm. The clamped part analog was machined with an 𝑙𝐾 of 42 mm, 
an OD of 47 mm, and an ID of 11 mm (Material Certification in APPENDIX 3).  The 
length was selected to match the embedment tests in Section 3.4. The diameter was 
selected as it would yield a diameter ratio (𝑦) of 3 and would be larger than the critical 
diameter of 38.3 mm according to EQ 16 and EQ 18. A floating alignment pin was 
machined to be a slip fit through the bolt hole. The bearing faces of all parts were sanded 
normal to the axis at a roughness between 220 and 450 nm 𝑅𝑧(𝐼𝑆𝑂) (30 and 60 nm  𝑅𝑎 ) 
(Figure 17). See APPENDIX 6 to APPENDIX 9 for the surface profile measurements 
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reports. The bolt head, nut, and uniform load tube had a surface hardness of 26.2 HRC 
and the clamp part analog had a surface hardness of 21.9 HRC. See APPENDIX 16 for 
Hardness test results. 
  
Figure 17: (Left) Clamped Part Test Pieces, (Center Top) Clamp Part Analog Roughness, (Right Top) Uniform 
Load Tube Roughness, (Center Bottom) Bolt Head Analog Roughness, (Right Bottom) Nut Analog Roughness 
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The first clamped part UTM experiment measures the resilience of the analogs of the bolt 
and nut along with the uniform stress tube via compression (Figure 18 a and b).  
 
 
 
The displacement over force yields the test fixture resilience (𝛿𝑇
𝑈). Using EQ 2 to 
find the resilience of the uniform stress tube (𝛿𝑈), the resilience of the test fixture (𝛿𝐹) 
can be determined (EQ 41).  
𝛿𝐹 = 𝛿𝑇
𝑈 − 𝛿𝑈 (41) 
For the purposes of these tests it is not necessary to isolate the resilience of the 
bolt and nut analogs from 𝛿𝐹 so long as 𝑙𝐽 remains the same for both tests. 
Figure 18: (a) Uniform Load Tube Test, (b) Uniform Load Tube Test Diagram 
(a) (b) 
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The second clamped part UTM experiment measures the resilience of the analogs 
for the bolt, nut, and clamped part (Figure 19 a and b).  
 
The displacement over force of the second test yield the test assembly resilience 
(𝛿𝑇3
𝐴 ). The resilience of the clamped part is calculated from EQ 42. 
 
𝛿𝑃 = 𝛿𝑇
𝐴 − 𝛿𝐹 (42) 
 
 
  
(a) (b) 
Figure 19: (a) Clamp Part Analog Test, (b) Clamp Part Analog Test Diagram 
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3.3 Bolt Resilience  
The strain gauges used in the test bolts require a hole through the center of the 
bolt head. FEM and physical experiments were carried out to determine how removing 
the material affects bolt resilience and how it compares to VDI 2230 formula.  
3.3.1 Resilience of the Bolt and the Collars 
 The physical experiment to determine the resilience of the bolt and the collars 
requires two UTM tests. It requires two bolts of the same dimensions but with different 
elongation modulus (𝐸1, 𝐸2).  The test requires the nut and bolt head to contact collars 
which are gripped by the UTM to be pulled apart (Figure 20 a and b).  
Because the dimensions of the bolts heads and nuts are the same, the test 
resilience with bolt material 1 (𝛿𝑇4
1 ) and material 2 (𝛿𝑇4
2 ) can be used together with EQ 4 
to determine the sum of resilience of the top and bottom collars (𝛿𝐽𝑐
Σ ) and the material 1 
and 2 bolt resilience (𝛿𝑆
1, 𝛿𝑆
2) as show in EQ 43 to EQ 44. 
𝛿𝑇4
𝑖 = 𝛿𝐽𝑐
Σ + 𝛿𝑆
𝑖 = 𝛿𝐽𝑐
Σ +
1
𝐸𝑖
∑
𝑙
𝐴
= 𝛿𝐽𝑐
Σ +
1
𝐸𝑖
(
𝑙𝐾−𝑙𝐺𝐸𝑊
𝑖
𝐴𝑠
+
𝑙𝐺𝐸𝑊
𝑖
𝐴𝑑3
+
𝑙𝑆𝐾
𝐴𝑆
+
𝑙𝐺𝑀
𝐴𝑛
) (43) 
(a) (b) 
Figure 20: (a) Full Bolt Test, (b) Full Bolt Test Diagram 
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𝛿𝐽𝑐
Σ = 𝛿𝑇4
1 −
1
𝐸1
(
[𝛿𝑇4
2 −
1
𝐸2
(
𝑙𝐾−𝑙𝐺𝐸𝑊
2
𝐴𝑠
+
𝑙𝐺𝐸𝑊
2
𝐴𝑑3
)]−[𝛿𝑇4
1 −
1
𝐸1
(
𝑙𝐾−𝑙𝐺𝐸𝑊
1
𝐴𝑠
+
𝑙𝐺𝐸𝑊
1
𝐴𝑑3
)]
1
𝐸2
−
1
𝐸1
)  (44) 
 For this experiment Grade 5 titanium, property class 10.9 zinc coated ISO 4014 
M10-1.5 x 60 bolts with ISO 4032 were used (Figure 21). A property class 8.8 zinc 
coated DIN 931 bolt and DIN 933 nut were also tested for comparison to the ISO bolts. 
 
While having similar yield loads (880 and 640 MPa), the elongation modulus of 
the titanium bolt is nearly half that of the steel one (114 vs 206 GPa).  An 𝑙𝑘 of 42 mm 
was chosen as it was the minimum length that the UTM would hold with the collars and 
the same length as the clamp part analog in Section 3.2.2. The collars are 15 mm tall 
grade 8 7/8” bolt shanks (22.00 mm actual diameter) with a 11 mm drilled through the 
center (Figure 22 a and b). The faces were polished normal to bolt axis to a roughness of 
278±20 nm 𝑅𝑧(𝐼𝑆𝑂) (45±3 nm 𝑅𝑎)  and a hardness of 35.2±0.4 HRC (Figure 22 c).  
Figure 21: M10 Bolts (Left) Grade 5 Titanium ISO 4014, (Center) Class 10.9 Zinc Coated Steel ISO 
4014, (Right) Class 8.8 Zinc Coated Steel DIN 931 
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3.3.2 Isolating Bolt Head Resilience 
By pulling the shank of a bolt and a collar used in the 6.2.1 tests and yielding a 
test resilience (𝛿𝑇5), the resilience of the bolt head (𝛿𝑆𝐾) can be isolated (Figure 23).   
Because the top and bottom collars are the same dimensions, the UTM resilience 
test showing that top jaw resilience is the same as the bottom jaw if the grip length is the 
same, and the bearing area of the nut and bolt head is similar, it can be assumed that that 
the resilience of the top and bottom collars (𝛿𝐽𝑐
To, 𝛿𝐽𝑐
Bo) is the same, and half of 𝛿𝐽𝑐
Σ  EQ 45.  
𝛿𝐽𝑐
Σ
2
= 𝛿𝐽𝑐
To = 𝛿𝐽𝑐
Bo (45) 
𝛿𝑆𝐾 and 𝛿𝐺𝑀 can be determined using EQ 46 and EQ 47. 
𝛿𝑇5
𝑆𝐾 = 𝛿𝐽𝑐
To + 𝛿𝑆𝐾 + 𝛿𝑖 + 𝛿𝐽𝑆
𝐵𝑜 =
𝛿𝐽𝑐
Σ
2
+ 𝛿𝑆𝐾 + 𝛿𝑖 + 𝛿𝐽𝑆
𝐵𝑜 
(a) (b) (c) 
Figure 22: (a) Bolt Collars, (b) Collar Surface Roughness, (c) Collar Hardness Test 
Figure 23: (a) Bolt Head Test, (b) Bolt Head Test Diagram 
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∴ 𝛿𝑆𝐾 = 𝛿𝑇5
𝑆𝐾 −
𝛿𝐽𝑐
Σ
2
− 𝛿𝑖 − 𝛿𝐽𝑆
𝐵𝑜 (46) 
 The bolt head tests used property class 8.8 DIN-931 M10 bolts, and the nut test 
used 8.8 DIN-933 and ISO-4042 M10 nuts.  
3.3.3 FEM Analysis on Increasing Bolt Head Width Across Flats 
 FEM analysis was performed on M10 hex bolts with increasing width across the 
flats in a 11 mm hole. The height of the bolt head was 6.4 mm for all tests and did not 
have the chamfered edges on the top face. The width across the flats incremented 1 mm 
from 13 to 20 mm. These simulations were performed with uniformed loading across the 
bearing surface. A shank length of 10 mm was chosen to eliminate the non-uniform 
deformation in the region where the stress transitions from the bolt head to the top of the 
shank. 
The shank is aligned along the Z axis and the bottom face of the bolt shank had z 
component displacement fixed at 0 mm. The bottom of the shank had an applied force 
pulling down in the z axis and an opposing force is applied to the bolt head bearing 
surface. Quarter symmetry was used normal to the X and Y. (Figure 24).  
 
Figure 24: ANSYS Bolt Width Across Flats Simulation, (a) Mesh of Model (b) Boundary Conditions  
(a) 
(b) 
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The absolute deformation of the contact bearing surface was calculated with the 
same APDL code as the simulations in Section 3.2.1 (APPENDIX 1).  The deformation 
of shank (as calculated using EQ 2) was subtracted from absolute head deformation to get 
bolt head deformation relative to the top of the shank. Dividing this relative head 
deformation by four times the applied force (quarter symmetry) yields the bolt head 
resilience (𝛿𝑆𝐾). 
3.3.4 FEM Analysis on Bolt Heads with Drilled Out Center 
 FEM analysis was performed on DIN 931 and ISO 4014 M10 bolt heads with a 
hole through the bolt head and shank. Bolts were modeled to the average of the min and 
max tolerances of each standard; hole diameters (𝑑𝑔) incremented by 0.5 mm from 0 to 5 
mm; and bolt shank areas (𝐴𝐴) varied from 76.82 to 57.18 mm². A shank length of 10 
mm was chosen to eliminate the non-uniform deformation in the region where the stress 
transitions from the bolt head to the top of the shank. No hole diameters larger than 5 mm 
were simulated as the largest 𝑑𝑔 reduced the shank area to less than the stress area in a 
coarsely threaded M10 bolt (58 mm²). Simulations are done either with uniform loads 
across the bearing surface or the bolt heads are in contact with a collar of the same 
dimensions as the physical experiment (Figure 25).  
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   The shank is aligned along the Z axis and the bottom face of the bolt shank had z 
component displacement fixed at 0 mm. The bottom of the shank had an applied force 
pulling down in the z axis. For simulations with the collar the contact surface of the bolt 
head and the collar had a friction coefficient of 0.1 [28] and the outside of the collar had 
an applied force up in the Z axis. Simulations with the uniform load have it applied to the 
bearing surface up in the Z axis. Quarter symmetry was used normal to the X and Y.  
 The absolute deformation of the contact bearing surface was calculated with the 
same APDL code as the simulations in Section 3.2.1 (APPENDIX 1).  The deformation 
of shank (as calculated using EQ 2) was subtracted from absolute head deformation to get 
bolt head deformation relative to the top of the shank. Dividing the relative head 
deformation by four times the applied force (quarter symmetry) yields the bolt head 
resilience (𝛿𝑆𝐾). 
 
 
  
(a) (b) (c) 
Figure 25: ANSYS Bolt Simulation, (a) Mesh of Model, (b) Collar-Applied Load Boundary Conditions, (c) 
Uniform Load Boundary Conditions  
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3.3.5 Physical Experiment to Bolt Heads with Drilled Out Centers 
 Holes were drilled through the head of M10 DIN 931 bolts to test the effects of 
reducing the area of a bolt head. The hole diameter incremented 0.5 mm from 1 mm to 5 
mm and were drilled 16.5 mm deep from the top of the bolt head (Figure 26). The test 
fixture in Section 3.3.2 is reused and the testing procedure is the same.  
 
 
 
 
 
 
  
Figure 26: DIN 931 M10 Bolts with Drilled Out Centers 
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3.4 BOLTED JOINT EMBEDMENT METHODOLOGY  
3.4.1 Strain Gauge Bolts 
Strain gauge bolt were fabricated from property class 8.8 DIN-931 M10x1.5 x 60 
mm bolts to determine BJ embedment. BTMC-1-D16-003L quarter bridge strain gauges 
(Figure 27) fabricate by Tokyo Measuring Instruments Laboratory Co., Ltd [29] were 
inserted into a 1.6 mm hole drilled 20.23 through the center of the bolt head.  
Cyanoacrylate adhesive bonds the gauge to the inner diameter of the annular 
section of the bolt shank. This locates the center of the gauge 5 mm below the bearing 
surface of the bolt head. The gauge leads are soldered to a 3-conductor cable, with one 
lead soldered to two conductors for temperature compensation in the cable. Calibration is 
done with the same testing procedure as Section 3.3.1 but only up to 25 kN instead of 35 
kN. APPENDIX 21 contains detailed instructions on strain gauge bolt fabrication. 
 
  
Figure 27: (a) BTMC-1-D16-003L Quarter Bridge Strain Gauge, (b) Drilled Bolt Head, (c) 
Assembled Strain Gauge Bolt 
(a) (b) (c) 
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3.4.2 Embedment Test Clamped Parts 
The total dimensions of the BJ clamped parts are the same as the clamp part 
analog in Section 3.2.2 test: 𝑙𝐾 is 42 mm,  𝐷′𝐴 is 47 mm, and 𝑑ℎ is 11 mm. Clamped parts 
were machined to four heights; 42, 21, 14, and 7 mm (Figure 28 a).  
 
The clamped parts were made of the same material as the clamped part analog in 
Section 3.2.2 (Material Certs are in APPENDIX 3). The contact surfaces of the parts 
were machined on a vertical mill with a face mill using a single TNMG 323 (ISO 
160312) insert at 19° from the surface of the part face (FIGURE 28 b and c).   
Spindle speed and federate required trial and error to achieve the same surface 
roughness as Ba-Saleem’s tabulated roughest surface of 140 μm 𝑅𝑧(𝐷𝐼𝑁) Figure (28 d). 
The roughness of the contact surfaces was measures to be 141.1±2.5 μm 𝑅𝑧(𝐼𝑆𝑂) 
Figure 28: (a) Machined Embedment Samples, (b) Vertical Milling Machine with a Single Insert Fly-
Cutter, (c) Speed and Feed Calculation, (d) Resulting Roughness Scan 
(a) (b)  
(c)  (d)  
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(35.3±0.6 μm 𝑅𝑎). See APPENDIX 13 and APPENDIX 15 for surface scan and 
roughness tables. 
3.4.3 Embedment Test Setup 
 A LabView program was written to measure and record strain from a National 
Instruments NI 9237 and temperature from T-type thermocouples connected to a National 
Instruments NI 9263, the block diagram of which is in APPENDIX 5. The data was 
measured at 2500 Hz and 1 second averages were recorded to the data file.  
 The embedment tests BJ were loaded to 25 kN with the nut in a socket fixed in a 
clamp and the head tightened with a torque wrench. A crowfoot socket at 90° was used in 
the torque wrench and was tuned to the correct torque using the strain gauge bolts. The 
quarter bridge gauge inside the bolt has no compensation for thermal expansion, so a 
water bath was used to warm BJ components prior to loading and for the duration of the 
test (Figure 29). The bath was kept a temperature that was above the maximum room 
temperature. The temperature of room and the water bath is recorded as well. 
  
Figure 29: Embedment Testing Station 
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4 RESULTS AND ANALYSIS 
4.1 UTM Grip Length vs Jaw Resilience 
 The data from the first set of tests are shown in Table 4 and Figure 29. 
Grip 
Length 
[mm] 
Resilience [mm/N] * 10-6 
C8.8 M10 Shank  G8 7/8" Shank 
Sample 
 𝛿𝑀10
𝑖  
Test 
𝛿𝑇1
𝑖  
Jaw 
𝛿𝐽𝑆
Σ  
Sample 
𝛿7/8"
𝑖  
Test 
𝛿𝑇2
𝑖  
Jaw 
𝛿𝐽𝐿
Σ  
15 5.757 19.36 13.67 1.276 8.822 7.545 
20 5.103 13.29 8.252 1.148 7.637 6.488 
25 4.448 11.27 6.879 1.020 7.011 5.989 
30 3.794 10.12 6.372 0.893 6.499 5.606 
35 3.14 9.236 6.134 0.765 6.289 5.523 
40 2.486 8.93 6.475 0.638 6.009 5.371 
45 1.832 7.871 6.062 0.510 5.795 5.284 
  
 The data shows that the sum of the resilience of the top and bottom small jaw has 
an inverse relationship to grip length and does not change much for lengths greater than 
30 mm. 
Table 4: Grip Length vs Jaw Resilience Results 
Figure 29: Grip Length vs Jaw Resilience 
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4.2 Isolating Top and Bottom Jaw Resilience 
 The data from the jaw isolation tests are shown in Table 5 and the solution to the 
resilience matrix and the error of each jaw are shown in Table 6.  
  
Resilience [mm/N] * 10-6 
Sample (𝛿𝑖) Test (𝛿𝑇
𝑖 ) 
C8.8 M10 Shank 1.832 7.871±0.029 
G8 7/8" Shank 0.510 5.795±0.008 
Taper Up 
3.347 
9.075±0.015 
Taper Down 9.059±0.022 
  
  
 
   
Individual jaw resilience test results are available in APPENDIX 17. 
The tests show that the top jaws have a similar resilience to the bottom jaws for 
both jaw sizes when under tension.  
The UTM experiments have shown to have an uncertainty on the order of 10-8 
mm/N. 
 
  
Jaw 
Resilience 
[mm/N] * 10-6 
pinv 
error 
[%] 
Small Top ( 𝛿𝐽𝑆
𝑇 ) 3.030 0.970% 
Small Bottom (𝛿𝐽𝑆
𝐵 ) 3.038 0.968% 
Large Top (𝛿𝐽𝑆
𝑇 ) 2.653 1.108% 
Large Bottom (𝛿𝐽𝐿
𝐵 ) 2.661 1.105% 
Table 6: Individual Jaw Resilience 
Table 5: Jaw Isolation Test Results 
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4.3 Clamped Part Resilience 
 The clamped part resilience of each ANSYS Simulation are show in Table 7 and 
visualized in Figure 30. 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
Clamp 
Length 
[mm] 
Resilience [mm/N] * 10-7 
ISO 4014 M10 Bolt Head DIN 931 M10 Bolt Head 
Bonded 
w/ 
Friction 
Uniform 
Force 
Bonded 
w/ 
Friction 
Uniform 
Force 
20 5.085 5.966 6.132 4.464 5.106 5.185 
30 5.815 6.907 7.131 5.160 6.003 6.126 
40 6.228 7.416 7.667 5.568 6.517 6.662 
50 6.523 7.753 8.008 5.858 6.834 6.976 
60 6.945 8.029 8.323 6.120 7.139 7.252 
70 7.275 8.355 8.648 6.403 7.420 7.532 
80 7.596 8.691 8.880 6.689 7.705 7.820 
90 7.932 9.026 9.215 6.981 7.998 8.111 
100 8.276 9.355 9.557 7.273 8.271 8.404 
Table 7: Clamped Part ANSYS Resilience Results 
Figure 30: Clamped Part Stress Cone with DIN 931 M10 Bolt 
Head with Friction Interface, (a) 𝑙𝐾 = 40 mm, (b) 𝑙𝐾 = 70 mm, (c) 
𝑙𝐾 = 100 mm 
(a) (b) (c) 
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The VDI 2230, Nassar, and Narrus methods for calculated clamped part resilience 
are shown in Table 8 and the comparison to the ANSYS simulating results are shown in 
Figure 31. 
 
 
 
 
 
 
 
 
 
 
 
 
 
The results from the simulations show that VDI 2230 performed closer to a 
bonded joint rather than one with friction. Nassar’s method does follow any trend for 
clamped parts longer once the critical diameter is reached. Their method also shows 
Clamp 
Length 
[mm] 
Resilience [mm/N] * 10-7 
ISO 4014 M10 Bolt Head DIN 931 M10 Bolt Head 
VDI 
2230 
Nassar Narrus 
VDI 
2230 
Nassar Narrus 
20 5.381 6.074 5.613 4.534 5.297 4.716 
30 6.257 6.947 6.564 5.352 6.119 5.602 
40 6.808 7.538 7.169 5.879 6.683 6.178 
50 7.183 7.968 7.583 6.244 7.097 6.579 
60 7.470 7.613 7.883 6.511 6.703 6.873 
70 7.760 8.102 8.166 6.763 7.135 7.118 
80 8.057 8.590 8.457 7.022 7.566 7.371 
90 8.360 9.079 8.754 7.284 7.998 7.629 
100 8.666 9.567 9.055 7.551 8.430 7.892 
Table 8: Clamped Part Calculated Resilience 
Figure 31: Comparison of Various Resilience Measurements, (a) 
ISO 4014 M10 Bolt Head, (b) DIN 931 M10 Bolt Head 
(a) (b) 
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different trends for the ISO and DIN M10 bolt bearing areas. Their formula yields results 
that are closer to frictional result when using ISO bearing area but uniform loads when 
using DIN bolt bearing areas. Naruse’s method performed closest to the ANSYS 
frictional results. 
  
  
 
 
 
 
 
The resilience clamped part physical experiment is shown in Table 9 and  
Individual clamped part resilience test results are in APPENDIX 18. 
 The physical measurement of the resilience of a clamped part yielded results 
closer to that of bonded joint than VDI 2230.  
   
 
 
 
 
 
  
 Resilience 
[mm/N] * 10-7 
Uniform Load Tube Sample (𝛿𝑈) 21.70 
Uniform Load Tube Test (𝛿𝑇
𝑈) 94.42±0.08 
Fixture (𝛿𝐹) 72.724 
Clamped Part Analog Test (𝛿𝑇
𝐴) 78.41±0.11 
Clamped Part Analog Sample (𝛿𝑃) 5.686±0.13 
VDI 2230 6.056 
ANSYS Bonded Interface 5.630 
ANSYS Friction Interface 6.587 
ANSYS Uniform Load Interface 6.737 
Table 9: Physical Experiment Clamped Part Resilience Results 
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4.4 Bolt Resilience 
4.4.1 Full Bolt Tests 
 The resilience of the tests and resulting bolts are shown in Table 10. Individual 
full bolt resilience test results are in APPENDIX 19. 
 
 
 
 
 
 
 
 
 The tests show the steel DIN-931 bolts having about 7% less resilience than the 
steel ISO-4014 bolts. This could be attributed to different elongation moduli as the bolts 
were not sourced from the same manufacturer. 
  
  
Resilience 
[mm/N] * 10-6 
DIN C8.8 Test 13.28±0.045 
ISO C10.9 Test 13.55±0.059 
ISO Ti 6Al-4V Test 16.49±0.068 
Collar Stiffness 9.594±0.107 
DIN C8.8 Experiment 3.688±0.116 
ISO C10.9 Experiment 3.952±0.122 
C8.8/10.9 VDI 3.964 
ISO Ti 6Al-4V Experiment 6.892±0.140 
ISO Ti 6Al-4V VDI 6.893 
Table 10: Full Bolt Test Results 
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4.4.2 FEM Analysis of Bolt Heads of Varying Width Across Flats 
 Resilience results based on how and where it is measured is show in Table 11. 
 Width 
Across 
Flats 
[mm] 
Resilience [mm/N] * 10-7 
Bearing Surface 
Average 
Bearing Surface 
Minimum 
Bearing Surface 
Maximum 
Bolt Head 
Top Center 
13 3.023 2.733 3.267 2.413 
14 3.051 2.660 3.344 2.405 
15 3.086 2.618 3.404 2.392 
16 3.132 2.588 3.473 2.377 
17 3.192 2.567 3.559 2.362 
18 3.264 2.558 3.663 2.348 
19 3.343 2.548 3.779 2.335 
20 3.431 2.535 3.910 2.322 
 Figure 32 displays the deformation of M10 bolts with different width across flats. 
 The simulations show that resilience of a bolt head greatly depends on how it is 
measured. An extensometer would read a slight decrease in resilience for bolts of 
increasing widths across flats. A resilience computed from the deformation of the inner 
diameter of the bearing surface would decrease as the width across flats increase greatly 
at very small widths across flats but levels out to a slope of an extensometer 
measurement. Contrary to that, the resilience increases as width across flats increases if 
computed from the deformation of the outer diameter of the bearing surface. 
Additionally, it increases faster than the resilience as measured from the inner diameter. 
(a) (b) (c) 
Figure 32: Width Across Flats vs. Resilience, (a) Comparing Various Measurement Methods  
(b) Deformation in the Z-Axis of an M10 bolt with a 13 mm Width Across Flats, 
 (c) Deformation in the Z-Axis of an M10 bolt with a 19 mm Width Across Flats 
Table 11: ANSYS Simulation Results for Varying Widths Across Flats 
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This, combined with the fact that there is more bearing surface area there is the further 
away from the center, makes the resilience computed by the average deformation of the 
bearing surface increases slightly with an increase in the width across flats. 
 
4.4.3 Resilience of Bolt Heads with Drilled Out Centers 
 Resilience results of M10 bolt with drilled out centers are shown in Table 12. 
Individual bolt head physical experiment test results and in APPENDIX 20.  
 
 
Bore 
Hole 
Diameter 
[mm] 
Resilience [mm/N] * 10-7 
ISO 4014 M10 Bolt Head DIN 931 M10 Bolt Head 
Bonded 
w/ 
Friction 
Uniform 
Force 
Bonded 
w/ 
Friction 
Uniform 
Force 
Physical 
Experiment 
0.0 2.824 3.058 3.123 2.894 3.189 3.276 2.810±0.749 
0.5 2.810 3.064 3.136 2.886 3.193 3.283 
 
1.0 2.815 3.067 3.128 2.888 3.196 3.287 
1.5 2.816 3.074 3.146 2.892 3.205 3.295 2.825±0.811 
2.0 2.820 3.081 3.156 2.907 3.217 3.308 3.124±0.804 
2.5 2.824 3.090 3.166 2.904 3.224 3.324 2.871±0.990 
3.0 2.828 3.100 3.181 2.921 3.247 3.342 3.236±0.791 
3.5 2.837 3.116 3.198 2.920 3.260 3.365 3.431±1.102 
4.0 2.848 3.132 3.217 2.931 3.284 3.393 3.121±0.872 
4.5 2.852 3.148 3.244 2.943 3.308 3.427 3.140±1.029 
5.0 2.866 3.175 3.274 2.957 3.340 3.467 3.424±1.008 
Table 12: Resilience of Bolts with Drill Out Centers 
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The resilience results are shown in Figure 33 as well as a best fit curve for each 
contact condition. 
  
 The best fit curves (EQ 47 to 52) are shown in Table 13 
Head 
Standard 
Contact 
Condition 
Equation 
ISO 4014 
Bonded 𝛿𝑆𝐾 =
0.45𝑑
𝐸(𝐴𝑛 − 0.07𝐴𝑔)
 (47) 
Frictional 𝛿𝑆𝐾 =
0.49𝑑
𝐸(𝐴𝑛 − 0.17𝐴𝑔)
 (48) 
Uniform 
Load 
𝛿𝑆𝐾 =
0.5𝑑
𝐸(𝐴𝑛 − 0.18𝐴𝑔)
 (49) 
DIN 931 
Bonded 𝛿𝑆𝐾 =
0.46𝑑
𝐸(𝐴𝑛 − 0.09𝐴𝑔)
 (50) 
Frictional 𝛿𝑆𝐾 =
0.51𝑑
𝐸(𝐴𝑛 − 0.18𝐴𝑔)
 (51) 
Uniform 
Load 
𝛿𝑆𝐾 =
0.53𝑑
𝐸(𝐴𝑛 − 0.21𝐴𝑔)
 (52) 
 
A general formula for M10 hex bolt head resilience can be reasonably stated as 
EQ 53. 
𝛿𝑆𝐾 =
0.5𝑑
𝐸(𝐴𝑛−0.18𝐴𝑔)
 (53) 
 The resulting resilience of the physical experiments matches the simulations, 
however error propagation makes the uncertainties in the order of 10-7 mm/N, around 1/3 
of the resilience calculated. 
Figure 33: M10 Bolt Head w/ Removed Material Resilience (a) ISO 4014 (d) DIN 931 
Table 13: Best Fit Curve Formulas from ANSYS Simulations 
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 The different contact conditions change the stress and deformation profile of the 
contact surface (Figure 34). The deformation of the bonded interface has a smaller 
difference between the maximum and minimum compared to the frictional or uniform 
load contact interface. However, this creates large stress concentrators at the inner and 
outer diameters. The uniform load and frictional contact interfaces have similar ranges of 
stress and deformation, but the frictional interface concentrates the stress and deformation 
closer to the inner diameter. The frictional interface deformation in Figure 34 (b) also 
shows how the edges of the hex head have a minor effect on deformation; with the extra 
material reducing local resilience. 
  
  
(a) (b) (c)  
(d) (e) (f)  
 
Figure 34: DIN 931 M10 Contact Surface Deformation (a) Bonded, (b) Frictional, (c) Uniform; 
and Stress (d) Bonded, (e) Frictional, (f) Uniform. Note the scale difference in the Bonded Stress 
Subfigure. 
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4.5 Bolted Joint Embedment  
4.5.1 Bolt Strain Gauge Calibration 
Bolts A1 through A4 were created for the embedment tests. The resilience, 
elongation modulus, and force vs strain for each bolt were collected and the data is shown 
in in Table 14. 
Bolt Number A1 A2 A3 A4 
Bridge Offset [mV] 1.683 2.258 0.677 -0.035 
Grip Pressure [MPa] 7 7 7 7 
δT 
[mm/N] 1.370E-05 1.361E-05 1.361E-05 1.359E-05 
R² 0.9988 0.9984 0.9959 0.9980 
F/ε 
[N/(m/m)] 1.520E+07 1.514E+07 1.525E+07 1.530E+07 
R² 0.9987 0.9987 0.9987 0.9987 
E [MPa] 2.057E+05 2.049E+05 2.064E+05 2.071E+05 
δS [mm/N] 4.104E-06 4.020E-06 4.012E-06 3.996E-06 
mε @ 25 
[kN] 
[mV] 1.645 1.651 1.639 1.634 
mε @ 30 
[kN] 
[mV] 1.974 1.982 1.967 1.961 
 
  
Table 14: Strain Gauge Bolt Calibration Test Results 
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4.5.2 Embedment Tests 
 The embedment depth and temperature are shown in Figure 35. Sensor 3 suffered 
from noisy data acquisition connection regardless of the bolt connected, but the trend is 
still visible. Bolts experience less embedment than what Ba-Saleem and what VDI 2230 
would expect. The time response does match what VDI 2230 and Ba-Saleem’s state for 
major embedment occurring in the first day, and the embedment did slow after three 
days, but not to a negligent degree. 
  
Figure 35: (Top Left) Test 1 Embedment, (Top Right) Test 2 Embedment, 
(Bottom Left) Test 1 Temperature, (Bottom Right) Test 2 Temperature 
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The bolt had minor deformation marks on the bearing face whereas the nut had 
significant troughs 50 μm deep into and peaks 25 μm above the surface (Figure 36).  
 The clamped parts had slight indentations between clamped parts but were 
significant between the part and nut or bolt bearing surface. For the BJ with only one 
clamped part the peaks of the clamped part interface plasticly compressed around 40 μm 
against the bolt head and 15 μm against the nut (Figure 37). 
  
Figure 36: Nut Bearing Surface After Embedment Tests 
Figure 37: Clamped Part Bearing Surface After Embedment, 
(Top) Bolt Interface, (Bottom) Nut Interface 
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5 CONCLUSIONS 
 
While best practices require consistency across UTM experiments, often variables 
such as grip pressure, jaw orientation, and ambient temperature during the experiment are 
overlooked. This usually does not affect results as a secondary measurement device such 
as an extensometer is used and the order of magnitude of the desired resilience 
measurement is greater than the uncertainty caused by changing those variables. Using 
the same variables, consecutively performed MTS Landmark 370 tests had a resilience 
uncertainty on the order of 10-8 mm/N. A small change in a variable such as swapping the 
left and right teeth in the top or bottom jaws could alter resilience results the same test by 
an order of 10-7 mm/N.  
The resilience of the jaws on the MTS Landmark 370 rises sharply once grip 
length is below 30 mm. Why this occurs is beyond the scope of this work as it was only 
required to know what length would have the least resilience. A grip length of 45 mm 
was chosen for the proceeding bolt tests as partially threaded hex head M10 bolts of 
length greater than 130 mm are difficult to reliably source. 
The measurement of clamped part resilience using bolt and nut bearing surface 
analogs yielded a result that was between the bonded contact and uniform load ANSYS 
simulations and close to what VDI 2230 expects. This method does not account for the 
stress concentration that occurs at the inner diameter of the clamped part analog but can 
reasonably be used to experimentally determine an equivalent clamped part resilience.  
Clamped Part ANSYS simulations show that Naruse’s method appears to be the 
best for accurately calculating clamped part resilience using the measurement method 
explained in VDI 2230-Part 2 under frictional contact. 
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The increase in bearing area from an ISO to a DIN M10 bolt head decreases the 
resilience of a clamped part by 9 × 10−8 mm/N but increases the bolt head resilience by 
about 1.5 × 10−8 mm/N. If a DIN nut changes the resilience is a similar fashion, then an 
entire DIN M10 bolt would have about 3 × 10−8 mm/N more resilience than an ISO 
M10 of the same clamp length. VDI 2230 only states its resilience calculation is for hex 
heads and does not differentiate between ISO, DIN, or other hex heads with different 
widths across flats and bearing areas. 
If the difference in deformation between the top center of the bolt and the average 
of the bolt head’s bearing surface is the same as the difference between the end of the 
bolt threads and the average of the nut bearing area, measuring the resilience of an M10 
bolt by the elongation of the bolt via an extensometer would yield results that would be 
2.2 × 10−7 mm/N less than what VDI 2230 would expect.  
While it is may be possible to measure the resilience change in bolt head with 
holes through the center using UTM experiments, conditions need to be ideal. 
Propagating uncertainties can quickly drown out any observable change in resilience. The 
resilience for a M10 bolt head with hole in the center can be calculated from EQ 53. 
 If a resilience of a bolt or clamped part is required to be known, the limitations of 
the UTM must be known. Measuring the components of an M10 bolt skirts the limits of 
the MTS 370 Landmark UTM. 
 
The work done in this paper leads to several topics of research worth further 
consideration: 
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A UTM will always have some base resilience added to the tested part, and any 
fixture would add to that. The MTS 370 Landmark has the resilience of the jaws, 
hydraulic grips, the moving piston, and the frame. Could a bolt testing fixture such as the 
one manufactured by Instron be modified so that an extensometer measurement could be 
obtained just outside of the bolted joint? This would eliminate all but the deformation 
from the bolt and the fixture. So long as the resilience of the fixture known and the 
uncertainty between tests is small, the resilience of the bolt should be measured far more 
accurately than the method used in this paper. 
Naruse’s method can calculate the resilience of the two clamped parts of different 
thicknesses for clamp lengths with and without fully developed stress frustums. Nassar’s 
method can calculate two clamped parts of differing thicknesses and materials but does 
not work for clamped lengths with long stress sleeves. Could these be combined into 
resilience formulas that work with part of different thicknesses and materials with long 
stress sleeves?  
Complicating matters is the issue of Naruse’s and Nassar’s methods only consider 
two clamped parts. How does the addition of clamped parts change the resilience? Are 
there general resilience equations that would cover any number of clamped parts of 
differing materials? Would the equations be able to account for a layer of paint, where 
one side is bonded to a part and the other is in frictional contact with another surface. 
Very little work has been done regarding the resilience of bolt heads with 
geometries beyond hex heads and socket heads and bolts with other heads such as 12-
point flange bolts have no available resilience equations. Could a resilience formula be 
devised for any given bolt head geometry; a formula that uses mean axial material 
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distribution above the bearing interface and mean radial material distribution from bolt 
axis? 
Much research on embedment has yet to be done. No work has been performed on 
interfaces of dissimilar hardness but the same elongation such as hardened tool steel and 
fully tempered steel. Additional research is required into how bearing surface roughness 
affects embedment. The tests performed in this paper used surfaces with sharp peaks and 
shallow valleys. Would interfacing surfaces with roughness profiles of shallow peaks and 
sharp valleys yield different results?  
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APPENDIX 1  
Surface Average Deformation ADPL Code 
/post1 
allsel,all 
set,last   ! Read result set 
cmsel,s,S_Name ,node     ! Select the node group from the named selection  
! of the bearing surface "S_Name" 
Atot=0.0                   ! Reset total area value.               
def_ave=0.0             ! Reset average deformation  
*GET,NNUM,NODE,0,COUNT   ! Get total number of nodes in the name selection 
! and store it as "NNUM" 
ncounter = 0    ! Node number counter reset to zero  
 
*DO,I,1,NNUM,1    ! Loop through the selected nodes  
 ncounter = ndnext(ncounter) ! Access the next node in the selection 
 narea = arnode(ncounter) ! Calculate the area associated with this node  
 *GET,def,NODE,ncounter,U,Z ! Get the deformation Z component of this node.  
 def_ave = def_ave + narea*def ! Update average deformation 
 Atot = narea + Atot  ! Update total area 
*ENDDO 
 
BS_def=-def_ave/Atot  ! Calculate and output average deformation.   
BS_nodes=NNUM   ! Output the number of nodes 
BS_area=Atot   ! Output the total area of the surface  
! (CHECK WITH AREA IN NAMED SELECTION TO CONFIRM) 
fini 
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APPENDIX 2 
Bolt, Nut, Analog and Uniform Stress tube Material Certificate 
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APPENDIX 3 
Clamped Part Analog Material Certificate 
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APPENDIX 4 
Lab View Block Diagram for Strain Amplification and Output 
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APPENDIX 5 
Lab View Block Diagram for Long Duration Embedment Test
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APPENDIX 6 
Clamp Part Analog Surface Roughness 
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APPENDIX 7 
Uniform Load Tube Surface Roughness 
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APPENDIX 8 
Bolt Head Analog Surface Roughness 
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APPENDIX 9 
Nut Analog Surface Roughness 
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APPENDIX 10 
Zinc Coated DIN M10 Bolt Head Surface Roughness 
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APPENDIX 11 
Zinc Coated DIN M10 Nut Surface Roughness 
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APPENDIX 12 
Bolt Collar Surface Roughness 
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APPENDIX 13 
Embedment Sample Surface Roughness 
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APPENDIX 14 
Collar Roughness Table 
Test Number 
Roughness 
𝑅𝑧(𝐼𝑆𝑂) 
[μm] 
𝑅𝑎 [μm] 
1 0.323 0.052 
2 0.354 0.048 
3 0.220 0.046 
4 0.173 0.030 
5 0.314 0.047 
6 0.274 0.042 
7 0.272 0.050 
8 0.282 0.045 
Average 
[um] 
0.277 0.045 
Stand Dev 0.058 0.007 
Uncert [um] 0.021 0.002 
Uncert % 7.41% 5.33% 
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APPENDIX 15 
Embedment Sample Roughness  
Test Number 
Embedment Samples 
𝑅𝑧(𝐼𝑆𝑂) 
[μm] 
𝑅𝑎 [μm] 
1 146.1 37.19 
2 148.6 37.34 
3 121.5 32.91 
4 115.6 32.57 
5 137.1 36.64 
6 143.5 37.13 
7 143.5 37.47 
8 142.9 37.43 
9 124.1 35.46 
10 147.1 37.29 
11 140.1 31.20 
12 146.0 36.60 
13 141.6 31.71 
14 144.3 32.47 
15 147.9 33.12 
16 157.5 34.12 
17 144.2 37.04 
18 148.2 38.32 
Average 
[um] 
141.1 35.33 
Stand Dev 10.52 2.39 
Uncert [um] 2.48 0.56 
Uncert % 1.76% 1.59% 
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APPENDIX 16 
Hardness 
 
 
  
Test 
Number 
Collars 
Clamped Part 
Analog 
Embedment 
Samples 
DIN 931 
C8.8 Nut 
DIN 931 C8.8 
Head 
[HRC] [HRC] [HRB] [HRC] 
1 33.1 21.9 97.4 27.7 
2 35.4 22.4 98.2 26.4 
3 35.5 22.6 97.9 26.5 
4 35.4 21.2 95.8 27.9 
5 36.2 21.1 96.5 28.3 
6 35.5 22.4 97.1 27.1 
Average 35.2 21.9 97.2 27.3 
Stand Dev 1.1 0.7 0.9 0.8 
Uncert 0.4 0.3 0.4 0.3 
Uncert % 1.24% 1.21% 0.37% 1.16% 
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APPENDIX 17 
Jaw Isolation Test Results 
Test 
Number 
Resilience [mm/N] * 10-6 
Small 
Jaw 
Large 
Jaw 
Taper 
Up 
Taper Down 
1 7.986 5.812 9.114 9.116 
2 7.898 5.786 9.033 9.051 
3 7.864 5.774 9.007 9.014 
4 7.867 5.781 9.088 9.043 
5 7.842 5.793 9.146 9.059 
6 7.769 5.824 9.064 9.073 
Average 7.871 5.795 9.075 9.059 
Stand 
Dev 
0.071 0.019 0.052 0.034 
Uncert 0.029 0.008 0.021 0.014 
Uncert % 0.37% 0.14% 0.23% 0.15% 
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APPENDIX 18 
Clamped Part Physical Test Results 
Test 
Number 
Clamped Part 
Analog Test 
Uniform Load Test 
Resilience Resilience Force Per Strain 
[mm/N] * 10-6 [mm/N] * 10-6 [N/(mm/mm)] * 107 
1 7.805 9.439 1.866 
2 7.840 9.434 1.880 
3 7.826 9.422 2.014 
4 7.833 9.436 1.920 
5 7.864 9.436 1.920 
6 7.877 9.447 2.014 
Average 7.841 9.436 1.936 
Std Dev 0.026 0.008 0.065 
Uncert 0.011 0.003 0.026 
Uncert % 0.14% 0.04% 1.36% 
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APPENDIX 19 
Full Bolt Test Physical Test Results 
Test 
Number 
Resilience [mm/N] *10-5 
DIN C8.8 ISO C10.9 ISO Ti 6Al-4V 
1 1.323 1.333 1.680 
2 1.315 1.369 1.647 
3 1.329 1.363 1.650 
4 1.320 1.365 1.645 
5 1.345 1.356 1.634 
6 1.337 1.342 1.635 
Average 1.328 1.355 1.649 
Std Dev 0.011 0.014 0.017 
Uncert 0.004 0.006 0.007 
Uncert % 0.336% 0.434% 0.412% 
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APPENDIX 20 
Drilled Out Bolt Head Physical Test Data 
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APPENDIX 21 
Guide for Fabrication of Bolts with a TML BTMC Internal Strain Gauge 
1. Determine if an internal strain gauge is possible 
• The bolt must be long enough to have a section of the shank under uniform 
deformation. If the gauge is positioned close to the head or engaged threads, it 
will not undergo linear strain during loading and unloading of the bolt. 
2. Determine the largest possible diameter strain gauge  
• The larger the diameter of gauge, the easier it will be to drill and ream the hole 
through the bolt head. The gauge manufacturer recommends no more than 5% of 
the cross-section material be removed for the bolt.  
3. Machine the bolt head  
• Remove the markings on top of the bolt head (Figure 1). 
• If the removal of the markings was done with a rough cut, machine a finishing 
pass across the top of the bolt head. 
• Spot drill a starting divot for the drill. 
• Drill the hole to the desired depth (Figure 1). 
• Ream hole to final diameter. 
• Deburr the edge of the hole. 
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4. Prepare the hole for gauge insertion 
• Clean out the hole and top with acetone. A syringe with a large gauge needle 
works well for flushing out any debris at the bottom of the hole (Figure ). 
• Remove any remaining acetone with dry compressed air.  
5. Check gauge insertion depth 
• The gauge should slip smoothly down the hole to the desired depth without 
catching on the sides (Figure ). If it does not, repeat steps 3 and 4.  
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6. Check gauge resistance  
• Use a multimeter to verify that the resistance of the strain gauge is within the 
listed tolerance. 
7. Pour adhesive into hole 
• Fill a syringe with the adhesive and insert the needle the bottom of the hole. 
• Without raising the needle, fill up the hole with adhesive until it reaches the top of 
the hole. 
• Slowly remove the needle from the hole and continue to fill the hole with enough 
adhesive to maintain it at the top of the hole. 
• Dab away any adhesive that has overflown from the hole. 
8. Insert the strain gauge 
• Be careful not to catch the gauge on the rim of the hole when the shaft is partially 
inserted.  
• Dab away any adhesive that has overflown from the hole after gauge insertion.  
• When the gauge is properly inserted adhesive will have flowed up the center of 
the tube (Arrow in Figure ). 
• Keep the bolt sit in a stationary upright position for 1 hour. 
• Check gauge insertion depth (Figure ). 
• Check gauge resistance is within manufacturer tolerance. It may have been 
damaged or strained during insertion.  
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• Cut the pipe where it meets the top of the bolt head. 
9. Adhere solder tab or terminal to top of bolt head  
• Clean off top of bolt with acetone. 
• Remove any acetone with dry compressed air. 
• Apply adhesive to back of solder tabs or terminal. 
• Adhere solder tabs or terminal to top of bolt head. 
10. Solder gauge wires to solder tab or terminal leads 
• Cut the gauge leads so that each wire has a slight amount of slack when soldered 
to the tabs or terminal leads. 
• Tin the leads, and tabs. 
• Small, blunt, tweezers are recommended for fine manipulation of gauge leads. 
• Check gauge resistance after soldering leads or tabs.  
• If solder tabs are used, solder larger diameter wire (22 to 26 AWG) to tabs.  
11. Apply protective coating to top of bolt head. 
• The coating should be pliable, such as silicone gasket material, so that it will not 
shear off when the bolt head undergoes torsion during bolt tightening.  
12. Let the bolt rest for a day to let the adhesive fully cure 
13. Calibrate strain gauge  
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• A fixture such as the one made by INSTRON should be used to test the bolt in a 
UTM; the bolt should not pull directly from the head, thread, or nut. 
• Load the bolt up to 75% proof load. 
• Record the applied force, displacement of the fixture, strain from the gauge. Also 
record the ambient room temperature at which the test is performed. 
• The resilience of the bolt can either be calculated using VDI 2230 and accounting 
for the loss of material in the bolt or measured directly from the tensile test if the 
resilience of the fixture is known. 
• The force vs strain should show a straight line. The slope of the line is the bolts 
force per unit strain.  
• The gauge’s force per unit strain should compared to the expected value given the 
bolt’s cross-sectional area and elongation modulus.  
 
 
